Mapping the thermal and compositional structure of the upper mantle requires a combined interpretation of geophysical and petrological observations. Based on current knowledge of material properties, we interpret available global seismic models for temperature assuming end-member compositional structures. In particular, we test the effects of modelling a depleted lithosphere, which accounts for petrological constraints on continents. Differences between seismic models translate into large temperature and density variations, respectively, up to 400 K and 0.06 g cm −3 at 150 km depth. Introducing lateral compositional variations does not change significantly the thermal interpretation of seismic models, but gives a more realistic density structure. Modelling a petrological lithosphere gives cratonic temperatures at 150 km depth that are only 100 K hotter than those obtained assuming pyrolite, but density is ∼0.1 g cm
INTRODUCTION
The evolution of our planet is governed by its interior dynamics. To understand the nature of such dynamics, it is essential to determine the current temperature (T) and compositional (C) conditions, since
Formerly at: Institute of Geophysics, ETH Zürich, Sonneggstrasse 5, 8091, Switzerland. these two fundamental parameters determine the physical properties (rheology, elasticity, etc.) of the Earth. A multidisciplinary approach, which includes geophysical and petrological observations and knowledge of material properties, is required to obtain a global picture of the Earth's mantle. With this in mind, we present here a family of thermochemical models that are inferred from the interpretation of seismic models for given compositional structures. We test, in particular, the effects of including a petrological lithosphere, which is characterized by depleted compositions. All the thermochemical models are tested for their ability to fit geodynamical (geoid and topography) observations. Samples of rocks or mineral fragments are carried to the Earth's surface from the uppermost mantle (down to ∼200 km depth) by processes related to mantle convection. Their mineralogy and geochemical signatures inform us about their origins (McDonough & Sun 1995; O'Neill & Palme 1998) . For example, it is possible to retrieve pressure (P) and temperature at the time of their formation, and thus determine their original depth. Together with cosmochemical data (Palme & O'Neill 2003) , petrological and geochemical studies allow us also to model the primitive mantle material from which they originated. However, a large part of the mantle is inaccessible to direct sampling and, therefore, most of our knowledge on its structure and physical conditions relies on the interpretation of geophysical measurements recorded at the Earth's surface. In particular, the analysis of seismic waves has been remarkably successful for investigating deep structure. The propagation of seismic waves through the Earth depends on its elastic and anelastic properties. Through experimental or theoretical studies of mantle material at appropriate P-T conditions, we can estimate the relationship between such physical properties and T and C.
The constantly growing quality and quantity of seismic data results in global models of increasingly high resolution (e.g. Panning & Romanowicz 2006; Boschi et al. 2007; Simmons et al. 2010) . In spite of these advances, quantitative interpretations of the seismic models (and data) in terms of T and C have been hampered until very recently. Early attempts were based on the conversion of seismic anomalies to temperatures, assuming a given composition (Goes & van der Lee 2002) . To decouple thermal and compositional effects, gravity and geoid data have also been used (e.g. Forte & Mitrovica 2001; Deschamps et al. 2007; Forte et al. 2010) because density varies strongly with composition, whereas temperature variations are dominant for velocity (e.g. Cammarano et al. 2003) . Topography and plate-motion data have been included as well (e.g. Forte & Perry 2000; Perry et al. 2003) .
Previous studies on the thermochemical structure of the upper mantle (Forte & Perry 2000; Deschamps et al. 2002; Perry et al. 2003) were able to provide first compositional maps (in terms of iron-depletion) of continental roots and to determine that chemical depletion of continents is less than what is measured in xenolith samples at surface.
A combined interpretation of seismic and gravity data (and possibly of other geophysical measurements) surely helps to better constrain the thermal and compositional structure of the upper mantle, but it is not clear to what extent classical linearized inversion schemes (see Simmons et al. 2010 , for a nice example of joint inversion for lower mantle structure) can be used for this purpose. First, geoid kernels are computed based on the strong assumption of a 1-D viscosity profile. Second, the relation between seismic velocity and density introduces, inevitably, further uncertainties. The mineral physics relation which links those two parameters depends on uncertain elastic and, more importantly, anelastic parameters. Furthermore, parametrization and weighting of different data used also involves a great deal of subjective choices.
Here, we do not attempt a joint inversion of seismic and gravity data; rather, we assess how uncertainties in seismic structure and composition of the upper mantle affect geodynamic observations. Unlike previous studies, we rely on a self-consistent thermodynamic model to relate seismic velocities and density to temperature and composition (Xu et al. 2008 ) and we include physically based anelasticity corrections. We also discuss the role of mineral physics uncertainties assessed in previous work (Cammarano et al. 2003; Cammarano & Romanowicz 2008; Cobden et al. 2008 Cobden et al. , 2009 .
Our analysis provides an insight on the current knowledge of the thermal and compositional conditions of the Earth's upper mantle. The main questions addressed are: what is the effect of a 'petrological lithosphere' on seismic and gravity interpretation? Are structural differences between seismic tomography models large enough to translate into quantitatively significant differences in temperature and density?
PROCEDURE
Our methodology consists of the following steps:
(1) Seismic velocities and density as a function of P, T and C are computed. We use thermodynamic modelling to identify the mineralogy and elastic properties of the aggregate, and we correct for viscoelastic relaxation (anelasticity) effects at seismic frequencies. The reference mineral physics model is the same as in the study of Cammarano et al. (2009) .
(2) We assume various compositional structures and use the relationships established in step '1' to convert seismic tomography maps into distributions of density (ρ) and T. We model, in particular, the compositional variations within the lithosphere on the basis of petrological constraints. Four different seismic models are considered. The same crustal model (CRUST2.0, Bassin et al. 2000) is assumed for all the models. In addition, we also model the density structure of a (age-dependent) half-space cooling model of the oceanic lithosphere.
(3) We compute the instantaneous mantle flow, surface topography and geoid with a numerical fluid-dynamical code, STAG-YY (Tackley 2008 ). The code is in spherical geometry and is able to handle large variations in viscosity. Hence, we were able to test several viscosity structures, assessing the role of lateral variations in viscosity (LVV) as well.
(4) Synthetic geoid and topography maps are compared with observations. A spectral analysis of the results is performed.
(5) We compare the thermochemical structures with each other, assessing how their variations affect the fitting of geoid and topography observations.
The global thermochemical models are distributed through the Internet: jupiter.ethz.ch/∼fabioca/UM-TC-models.html. The 3-D models include temperature, composition, density, seismic velocities (V P and V S ), attenuation (i.e. the inverse of quality factor, 1/Q S ) and viscosity values.
Although we focus on the effect of upper-mantle structure on geoid and topography, we also provide whole mantle models in which the lower mantle structure is always the same, as described later. To reproduce sufficiently well the predicted mineralogical aspects of the models with depth, we parametrize the vertical direction quite finely (each 10 km), while horizontally we expand all fields in spherical harmonics up to degree 24. It should be noted that these features are not resolved by gravity and seismic observations used here, but predicted on the basis of our mineral physics model. Our models can be useful in a variety of contexts, from comparison with T-C resulting from geodynamic modelling, to modelling electrical conductivity and test its effect on the induced magnetic field (e.g. Kuvshinov & Olsen 2006) . 
Upper mantle temperature and composition

Modelling the material properties of the upper mantle
Phase equilibria and elasticity
For a given chemical composition (C), the assemblage of minerals that are stable at high P-T can be determined experimentally (e.g. Ito & Takahashi 1989; Ohtani & Sakai 2008) or through thermodynamical modelling (Stixrude & Lithgow-Bertelloni 2005; . Currently, phase equilibria and elastic properties of the mantle can be modelled within a rigorous thermodynamical framework for a 6-oxide system (NCFMAS system, i.e. sodium-calcium-ironmagnesium-aluminum and silicon) (Xu et al. 2008) . This model, named XSLB08, and already used by Cammarano et al. (2009) , is also implemented here. We use PerpleX (www.perplex.ethz.ch, Connolly 2005 ), a software for thermodynamical modelling that includes XSLB08, for computing the phase equilibria. Once the assemblage of minerals and their individual elastic properties are known at given P-T and C conditions, the properties for the bulk rock are estimated using the classical VHR (Voigt-Reuss-Hill) averaging scheme (Hill 1952) .
Anelasticity
The importance of including anelasticity for interpreting seismic anomalies has long been recognized (Karato 1993; Cammarano et al. 2003) . The strong T-dependence of anelasticity introduces a non-linearity in the relation between V S and T. This effect is expected to be more pronounced in regions where T approaches the solidus, such as at the base of the lithosphere.
Anelastic properties are much more uncertain than elastic properties ). The dominant attenuation mechanism at seismic frequencies is still under debate and no experimental data yet exist at elevated pressure. For this reason, we model anelasticty effects by using simple physical laws that are valid for bulk rock assemblages. Specifically, we model the P, T and frequency dependency of anelasticity by using the simple models of Cammarano et al. (2003) . Namely, the quality factor Q S , that is the inverse of seismic attenuation, is modelled as
with
where B is a normalization factor, ω seismic frequency, a the exponent describing the frequency dependence of the attenuation (fixed to 0.2 in all the models of Cammarano et al. 2003) , P the pressure, R the gas constant, H the activation enthalpy and T S is the solidus temperature. The dimensionless factor g is assumed to be constant with pressure (or depth). The P-dependence is modelled, this way, with what is known as a 'homologous-T approach' (Karato 1993) : the attenuation is scaled at any depth with respect to the solidus temperature. We test the models of Cammarano et al. 2003 , with g = 30 and g = 15, plus a model obtained assuming g = 40. The models span extreme values for the experimentally observed Arrhenian temperature dependence. The pre-exponential values (B) were adjusted on the basis of constraints from seismically observed attenuation at a reference frequency of 1 Hz, and assuming a reference thermal profile (i.e. a 1300
• adiabat). As in Cammarano et al.
(2009), we do not consider variations in Q S due to composition, grain size or partial melt.
Viscosity
Since our main goal is to assess how the density distributions of our thermochemical models are able to fit geodynamic observations, we adopt the same viscosity structure for all models shown and discussed in the paper, that is, viscosity profile V1 by Mitrovica & Forte (2004) , also implemented in Forte et al. (2010) . This viscosity profile captures the main features of the current understanding of viscosity in the Earth's mantle. Specifically, the presence of a lowviscosity layer around 100-300 km and a sharp increase in viscosity (by a factor 30-100) in the mid-mantle (Richards & Hager 1984) . We also tested, however, T-dependent LVV. We only vary the viscosity structure within the upper mantle, while the V1 model is assumed as a fixed reference for the lower mantle. Our tests on the effects of T-dependent LVV are documented in supporting material (Figs S1-S5 in Supporting Information) and basically confirm previous findings: the effect of LVV is secondary to its variation with depth for fitting the geoid (e.g. Zhang & Christensen 1993; Moucha et al. 2007; Ghosh et al. 2010) . In addition, we also tested the effect of highly viscous continental blocks, by increasing the viscosity of the continental lithosphere by three orders of magnitude compared to what is predicted by a purely P-T-dependent viscosity law.
Adding rigid tectonic plates and weak plate boundaries is essential to obtain the toroidal component of the flow (Zhang & Christensen 1993) , and is also important for accurately modelling geoid and topography (Forte 2007) . However, it is not the aim of this study to infer viscosity structure or the most appropriate boundary conditions. To compare the different thermochemical models between each other, it is sufficient to use a single boundary condition. We choose to run simulations using simple free-slip conditions.
Modelling the compositional structures
There are two sorts of compositional variations that we consider in this paper. The first type is related to the variation with depth of chemical composition. In our earlier studies on the average thermochemical structure of the upper mantle (Cammarano & Romanowicz 2007; Cammarano et al. 2009 ), we found that seismic data are consistent with a mixture of two chemical compositions, harzburgite and MORB, with C becoming more enriched in MORB with increasing depth (starting from ∼250 km). This C structure, as discussed in the mentioned papers, is dynamically feasible (Tackley et al. 2005) and may help to explain several geochemical observations. Such a 'mechanical mixture' (i.e. not chemically homogeneous), a term first introduced by Xu et al. 2008 , could survive within the Earth because of the low chemical diffusivities of mantle minerals (Allègre & Turcotte 1986; Xu et al. 2008) , but further evidence is needed to prove its existence. In this paper, we assume either the C2 profile of Cammarano et al. 2009 (here called MM-C2) , that starts very depleted (10 per cent of MORB content at 200 km) and reaches ∼40 per cent of MORB at 660 km, or homogeneous pyrolite, as radially symmetric C structures.
The second type of compositional variations, more important, regards lateral heterogeneity. Lateral variations in composition ( C) within the lithosphere are modelled based on petrological constraints.
In this study, we are interested in modelling the main feature of compositional variations at lithospheric depths, that is, the 4 F. Cammarano, P. Tackley and L. Boschi (Jordan 1981) . S, Q and P are, respectively, precambrian shield and platforms, phanerozoic orogenic zones and magmatic belts and phanerozoic platforms. A, B and C are young (0 to 25 Myr), intermediate (25 to 100 Myr) or old (>100 Myr) oceanic crust. The colour scheme is used for all regionalized T and ρ profiles shown afterward. dichotomy in composition between the depleted (old) continental areas and the 'normal' mantle. We rely on a simple parametrization, which accounts for tectonic regionalization at the surface and varying thickness of the chemical boundary layer.
For continental areas, we use the GTR1 (global tectonic regionalization) model (Jordan 1981) , illustrated in Fig. 1 . This is a 5
• × 5
• grid model mapping shield and platforms of exposed Archean and Proterozoic rocks (category S), platforms overlain by Phanerozoic cover (P) and Phanerozoic orogenic and magmatic belts (Q). At each of these three regions, we assign a single bulk chemical composition based on a global compilation of xenoliths and their related interpretation (Griffin et al. 2009, see Table 1 ). Additionally, we assume a depleted (harzburgite) C for the oceanic lithosphere ( Table 1 ). The specific composition of pyrolite and mid-ocean ridge basalt (MORB) used is also given. We use the same self-consistent thermodynamic model (XSLB08) to compute the properties for all the compositions given in Table 1 .
The thickness of the chemical lithosphere (sometimes called chemical boundary layer or CBL) is inferred from the thermal interpretation of the seismic model. It is expected that the rheological behaviour changes as T reaches ∼85 per cent of the melting T. The transition, that is often associated with a change in seismic anisotropy, can therefore be modelled with a temperature isosurface (or isotherm) of ∼1200 • C (but other isotherms have been tested as well). In principle, the CBL is not strictly related to the thermal boundary layer (TBL). Xenolith studies, however, indicate a similarity in thickness between the two, at least at long wavelengths (Griffin & Ryan 1995; Artemieva 2009 ). For oceanic regions, we also test the lithosphere thickness based on a simple relation with the age of oceanic crust: h √ 2κt), where κ is the thermal diffusivity, taken as 10 −6 m 2 s −1 , and t is time. The age of the oceanic crust is obtained from the model of Müller et al. (2008) .
For our first-order petrological lithosphere, we do not model any compositional variation with depth within the continental lithosphere, contrary to what is observed in xenolith studies (e.g. by Griffin et al. 2009) , and no lateral variations in composition are assumed below the lithosphere.
Seismic constraints
Long-period seismic data (down to a period of 60 s) provide the most comprehensive global constraint on upper-mantle shear velocity (V S ) structure. Fundamental-mode surface waves (Rayleigh and Love) are mostly sensitive to the uppermost mantle structure (down to ∼250-300 km) and the inclusion of overtones provides resolution in the transition zone (Cammarano & Romanowicz 2007) . On the other hand, body wave traveltimes, P and S, have only a partial upper-mantle coverage. Therefore, models that use only body waves (e.g. Grand 2002; Montelli et al. 2006; Simmons et al. 2010) are not used in this study. Overall, the seismic structure of the Earth's mantle is well constrained by available tomography models at long wavelengths, but the correlation between the models degrades at shorter scale lengths (Becker & Boschi 2002 ).
In Fig. 2 , we show slices at 150 km depth of four recent tomography V S models (see caption), all expanded up to spherical harmonic degree ( ) 24 (corresponding to a horizontal resolution of ∼1000 km). The isotropic component (Voigt average) of these radially anisotropic models is shown. While radial anisotropy at the top of the upper mantle is essential to fit simultaneously Rayleigh and Love waves (e.g. Dziewonski & Anderson 1981) , the seismic data used are primarily sensitive to isotropic V S structure, which is therefore well constrained. At 150 km, correlation between the models is very high. We systematically find a correlation coefficient of ∼0.9 (Fig. S6 , Supporting Information), while the correlation decreases to only ∼0.2 in the transition zone and increases again (up to ∼0.5) in the lower mantle. This typical pattern, already noted by Becker & Boschi (2002) , holds also for the most recent V S models and shows the difficulty in recovering the structure of the transition zone (e.g. Ritsema et al. 2004) .
Average seismic structure
Because of the non-linearity in the relation between V S and T introduced by anelasticity, it is necessary to use absolute values of seismic velocities to interpret the models correctly. Therefore, the choice of the seismic reference model is very important. Cammarano et al. (2003 Cammarano et al. ( , 2005a ; Cammarano & Romanowicz (2007) ; Cobden et al. (2009) and Cammarano et al. (2009) show that longperiod waveforms are able to constrain absolute values of <V S > (z) in the upper mantle, but they cannot resolve sharp transitions. Yet, if sharp transitions are included in the starting model, they would affect the average of the final 3-D model, which is obtained by using perturbation theory (Cammarano & Romanowicz 2007; Styles et al. 2011) . For purely seismological purposes, this does not represent a problem. Typically, the average structure is often removed and only relative variations are shown. For what concerns the interpretation, however, is important to consider the model as a whole, hence including its average (or degree 0 in a spherical harmonics expansion).
In Fig. 3 , we show the <V S (z) > of the previous four models plus SAW24ANB (Panning et al. 2010) . Note that SEMum (Lekic & Romanowicz 2011 ) is not defined in the transition zone and LRSP30 ) is defined down to 600 km. SAW642ANB and S20RTS are constructed starting from PREM, therefore their averages are characterized by the large 220 km discontinuity of PREM. This discontinuity is not required globally (e.g. Deuss 2009 , and references therein) and can be avoided without worsening the fit, as the other models demonstrate. The other three models have a relatively similar variation with depth of the average model in the top 400 km and no 220 km discontinuity. Except for S362ANI, which is slower than the other models in the transition zone (probably due to the choice of adopting a shallower discontinuity between upper and lower mantle, see Fig. 3 ), the major differences between the averages of the models occur within the first 200 km. It is not the aim of this paper to find out the origin of the differences between available seismic models, but it is likely that the inconsistency in the variation with depth of the models is affected by crustal corrections and tradeoff with anisotropy structure (Bozdag & Trampert 2008; Ferreira et al. 2010) . In addition, it must be recalled that the models have been constructed with different data and regularization schemes. In this sense, the similarity between the models is more remarkable than the differences among them. Nevertheless, in a quantitative interpretation of the models, it is important to clarify how these differences affect the thermochemical structure of the mantle and what are their implications in terms of mantle dynamics.
Lateral variations
The amplitudes of the lateral variations ( V S ) are, in general, less well resolved by seismic data than the degree 0. Different regularization schemes (e.g. choice of roughness and norm damping) are able to strongly modify V S without altering the data fit much (e.g. Carannante & Boschi 2005) . Seismic models shown here (Fig. 3) , however, are characterized by similar amplitudes, with a maximum in the first 250-300 km of the upper mantle and a slight decrease in the transition zone (Fig. 3) .
Modelling geoid and topography
The gravitational flow due to the interior density contrasts leads to deformation of the Earth's surface as well as of internal chemical boundaries (such as the core-mantle boundary). The transient, timedependent viscous relaxation of boundaries (density jumps) in a flowing mantle is characterized by exponential decay times that are on the order of a few thousand years. Since these timescales are much less than those on which convection displaces the internal density anomalies, we may regard the boundaries as always being in dynamic equilibrium. Therefore, their viscous response to mantle flow can be assumed to be 'instantaneous'.
The instantaneous mantle flow is readily computed with typical fluid-dynamics codes, which solve the equations of highly viscous flow. Our fluid-dynamics code, STAG-YY, uses a finitedifference/finite-volume technique on a staggered grid and computes models in a 3-D spherical shell by using a yin-yang grid (Tackley 2008) . The version of the code that we use here is able to handle very large viscosity variations thanks to the implementation of a new pressure interpolation scheme in the multigrid solver (Tackley 2008) .
STAG-YY is here used to simultaneously solve the momentum and continuity equations for incompressible, infinite Prandtl number flow. Free-slip boundary conditions have been used. Both inner and outer boundaries are driven by the derived density variations with the specified viscosity structure. Self-gravitating geoid and topography are calculated using the approach introduced by Zhang & Christensen (1993) and also implemented by Zhong et al. (2008) . The reader is referred to these for full details; a brief summary is given here. In this approach, it is noted that for incompressible flow the gravitational perturbation term in the momentum equation can be absorbed into the pressure term by defining an effective pressure, so the flow solver does not have to be modified. Topography at the surface and CMB, calculated from the normal stress on these (non-deforming) boundaries, together with the 3-D density field are then transformed into spherical harmonics, allowing the surface geoid and corrected (for self-gravitation) topography to be calculated separately for each spherical harmonic degree and order then transformed back into grid space.
Viscosity is central, of course, to mantle dynamics. To focus on the relative differences between different compositional and seismic structure, we use the same viscosity model (and boundary conditions) throughout this paper. The differences between the synthetics fields of geoid and topography are therefore only due to the 3-D density structure. Tests of the same thermochemical with viscosity structures that includes large lateral variations are shown and discussed in supporting material.
RESULTS: THERMOCHEMICAL I N T E R P R E TAT I O N O F S E I S M I C M O D E L S
For the sake of simplicity, we find it convenient to discuss separately the absolute T-C values (the degree 0 of the models) from the lateral T-C variations. From what we said before, it should be clear, however, that the latter are strictly linked to the former, contrarily to what happens in purely seismic studies.
In two separate sections, we show how our models determine the thermal lithosphere-asthenosphere boundary (LAB) and we compare our seismically inferred T structures with the thermal structure of oceanic lithosphere according to cooling models.
Average structure and variation with depth
Given the composition C, the average thermal and density structure, <T > (z) and <ρ > (z) depend on the uncertainties in <V S > (z) and in the mineral physics properties. In the lower mantle, <V S > (z) is similar between different models, which suggests that it is relatively well constrained (Cobden et al. 2009 ). The shear properties of the lower mantle minerals, however, have large uncertainties that can affect significantly the degree 0 of the thermochemical model. Unlike the lower mantle, the upper mantle is characterized by relatively small elastic uncertainties, but anelasticity plays a significant role.
We found that the principal source of uncertainty in the radial T-C profiles for the first 250 km is related to the discrepancies between seismic models. In the top 400 km of the mantle, uncertainties in mineral physics parameters do not play a significant role on depth variations of T-C structures (Cammarano & Romanowicz 2007; Cobden et al. 2008 ) (but note that the T profile can be shifted by ∼±100 K, Cammarano et al. 2003) . For example, in spite of the large uncertainties in the P-T-dependence of anelasticity, we tested that the radial thermochemical structure changes only slightly when using the same V S model (and for given elastic properties).
The regionalized thermal and density profiles shown in Fig. 4 reflect the differences in the variation with depth of the seismic models. The profiles are obtained by averaging each 3-D model over all six regions of GTR1 (see Fig. 1 , same colour scheme is Upper mantle temperature and composition 7 applied for Fig. 4) . The qualitative aspects that are in common to all the seismic models are:
(1) continental regions are relatively cold down to ∼300 km; (2) the oceanic geotherms in the shallow upper mantle are gradually hotter moving from old to young oceans and they converge around 250 km; (3) small T variations are observed below 300 km.
Apart from these features, the shape of the regionalized T and ρ profiles is very different. It is obvious that each set of geotherms would point to a very different dynamical evolution of the mantle. Note that the differences in regionalized geotherms are due partially to the variations in average V S (z), but also depend on how V S changes with depth in different tomography models.
In the background of the top panel of Fig. 4 , we plot continental and oceanic geotherms for reference. The continental geotherms are purely conductive and we computed them at steady state, based on surface heat flow and radiogenic heat production in the crust (Chapman 1986 ). The oceanic ones are based on a simple halfspace cooling model at different oceanic ages (Turcotte & Schubert 1982) . The geotherms obtained with S362ANI, characterized by a smooth decrease of V S from the top to the base of the lithosphere, are the most consistent with the calculated continental and oceanic geotherms (Fig. 4, top panel) . More pronounced depth-dependence of V S , such as those in SEMum, results in more complicated geotherms. Note also the unrealistic geotherms of S20RTS associated with the 220 km discontinuity of its reference model (the same is true for SAW642ANB, not shown here). The density profiles (Fig. 4 , right-hand panels) show less pronounced variations with depth, in agreement with their smaller sensitivity to seismic velocities compared to T (Cammarano et al. 2003) . All the density profiles are fairly similar below 250 km (Fig. 4) .
The compositional effects on T and ρ profiles are shown in Fig. 5 . The six colour lines, as for Fig. 4 , correspond to the six regions of the GTR1 model (same colour scheme). Thermal and density regionalized profiles in Fig. 5 are obtained from the interpretation of the same seismic model (S362ANI) with a petrological lithosphere (solid lines in top panels) or assuming MM-C2 as radial compositional structure (solid lines, bottom panels). Thermal and density average profiles obtained by assuming pyrolite are represented as dashed lines. The variations between the dashed and the solid lines indicate the role of compositional effects for each of the six regions.
The variations between the two radial compositional structures tested (bottom panels Fig. 5 ) obviously have a global character (i.e. they occur in all six regions). The thermal profiles change only below 250 km (bottom panels, Fig. 5 ). On average, the seismic geotherms below this depth are characterized by negative gradients if a pyrolite composition is assumed. T-gradients with depth become slightly positive if we allow C to vary with depth (Fig. 5) . These features are consistent with previous findings Cammarano & Romanowicz 2007; Cammarano et al. 2009; Khan et al. 2009 ). On the other hand, density is globally reduced in the first 250 km when an MM-C2 composition is used (bottom panels, Fig. 5 ). Below 250 km, where the MM-C2 has a strong compositional gradient, the average density gradient with depth becomes more pronounced (Fig. 5) . Specifically, ρ/ z between 250 and 350 km goes from 1 for pyrolite to 1.3 Kg m −3 km −1 for MM-C2. The ρ gradients in this depth range are very similar, at a given C, for all the seismic models (Fig. 4) .
Modelling the petrological lithosphere does not affect the thermal profiles inferred from seismic velocities significantly, but gives a better description of the density structure of the lithosphere (Fig. 5 , top panels). As expected, the major decrease in density occurs in the old cratonic areas, that are modelled with a depleted C typical of an average Archean lithosphere (Table 1 ). 
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The variation with depth of the T-C structure in the transition zone is poorly determined. In spite of the general consistency of average seismic velocities within the transition zone, the relative errors in modelling the shear properties of the minerals that occupy subsequent depth ranges within the transition zone (e.g. olivinewadsleyite and ringwoodite) introduce a large source of uncertainty (Cammarano et al. 2005a ).
Lateral variations
Relatively small differences between velocity models (Fig. 2) can translate into dynamically important thermal and density variations (Figs 6 and S7, respectively) . T variations between tested models are in the order of ∼400 K in cold, continental areas and of ∼150 K in hot, oceanic regions (Fig. 6) . The effect is smaller in hot areas, where anelasticity causes a given V S to be explained by a smaller T (Cammarano et al. 2003) . Uncertainties in the elastic properties, which have been assessed by Cammarano et al. (2003) , modify the estimated temperatures by ±100 K at this depth. Note that they only affect the average value of temperature at each depth, but not its lateral variations. The larger uncertainties on T from mineral physics are, therefore, related to uncertainties in anelasticity. From extreme anelasticity models based on the Arrhenius law (see eq. 1), we found that T in hot areas can vary between −150 and +75 K at 150 km depth (see Fig. S8 in Supporting Information), where the effect of Q is highest. Intrinsic T-dependent attenuation has practically no effect in cold, continental areas at this depth.
Introducing lateral C variations does not change much the thermal interpretation of seismic models, but gives a more realistic density structure. Modelling a petrological lithosphere, for example, gives cratonic T at 150 km that are only 100 K hotter (corresponding to 20 per cent of the total T) than those obtained assuming pyrolite (Fig. 5 ), but density is ∼ 0.1 g cm −3 lower (around 140 per cent of the total ρ; see Fig. 5 ).
Finally, lateral thermochemical variations of the transition zone are complicated by effects due to mineralogical phase transformations. To reproduce realistic lateral variations in T and ρ, we neglect seismic results near the depths of phase transitions (380-420 km and 650-780 km depth), where we estimate T simply by interpolation of values found above and below. We also construct models which preserve the sharp character of the mineralogical transitions, replacing or not <T > (z) with a reference adiabatic profile at a potential T of 1300
• C. Since <T > (z) is not well constrained within sharp phase transitions, testing its effect is important for future studies concerning the seismic signature of those phase transitions. However, the effect on geoid and topography is negligible.
Lithosphere-asthenosphere boundary
Because of the uncertainties in absolute T due to mineral physics and in the variation with depth of seismic models, we have only a very approximate indication of the possible thermal LAB. Variations in composition, as discussed, have a negligible effect. In Fig. 7 , we show the variations of thermal LAB inferred from two seismic models (S362ANI and LRSP30) and for two isotherms (∼1000
• C and 1200
• C). In spite of the large local variations between the LAB thicknesses, all of them reproduce the general expected features. Specifically, a thick continental LAB and an age-dependent, shallow oceanic LAB. Our 'seismic' TBLs of continental lithosphere are overall consistent with published models (Artemieva 2009 ). In this study, we use the thermal LAB to model the depth of the petrological lithosphere (or CBL), used for our compositional modelling. We are indeed principally interested to model the continents-oceans dichotomy. We anticipate that to clearly separate effects due to variations between seismic models from compositional ones, we compare thermochemical models with exactly the same petrological lithosphere. The reference LAB is given by the 1200
• C of the thermal model obtained from S362ANI, assuming a pyrolite composition.
Thermal structure of oceanic lithosphere
The temperature structure of the oceanic lithosphere is one of the better understood geophysical phenomena related to plate tectonics. New lithosphere is created at constant T at mid-ocean ridges and cools with age. Simple models, such as the half-space cooling model or a plate cooling model are very successful at providing an accurate description of the variation of topography and heat flow with age (e.g. Turcotte & Schubert 1982; McKenzie et al. 2005 , and references therein).
The thermal models obtained from seismic interpretations agree qualitatively with an age-dependent relation. To verify to what extent such a thermal structure is reproducible from seismic models, we compare the inferred T structures as a function of the age of the oceanic crust (we use the model of Müller et al. 2008 ) with the structure predicted by a half-space cooling model. Reversely, based on the theoretical T structure, we also computed the seismic (and density) structure by using the same mineral physics model (XSLB08 +Q5). (Fig. 8, plus Figs S9 and S10 in Supporting Information).
None of the seismically inferred models is able to reproduce sufficiently well the theoretical thermal structure (Fig. 8) . In general, the T structure inferred from observations is smoother than what predicted by cooling models (Fig. S9) . This is not surprising, in view of the limited resolution of surface waves or of the long-period waveforms used in global studies.
However, there is one aspect that all the seismic models share. Their minimum velocity below younger oceans is around 100 km and all seismic models are faster (from a minimum of 0.5 per cent up to ∼3.7 per cent) at 50 km (Fig. 8) . This is in conflict with classical cooling models that naturally predict V S to be minimal at much shallower depth beneath mid-ocean ridges (Fig. 8 , but also Figs S9 and S10).
Another difference between the seismic models and the cooling one concerns how the lateral variations in V S change with depth (Figs 8 and S10). V S predicted by the cooling model at 50 km are much larger than V S at 100 km. The seismic models, instead, have similar V S at these two depths (Figs 8 and S10 ).
Discussion on the nature of the oceanic mantle
The systematic decrease in V S beneath mid-ocean ridges is an interesting feature that deserves an extensive discussion. Is it real? And, if so, what could be its origin?
The inconsistency between the seismically inferred thermal structure of the oceanic lithosphere and the well-accepted model of its evolution led already some authors (i.e. Priestley & McKenzie 2006) to formulate a semi-empirical relation that links the two. They avoid, this way, using mineral-physics-based relations between seismic velocities and T. Forcing a seismic model to follow the theoretical expected T structure does not resolve the paradox of this inconsistency. We agree, however, that part of the problem can lie in the way material properties are modelled.
The decrease in seismic velocity from 50 to 100 km beneath ridges and younger oceans cannot be explained by uncertainties in phase equilibria and elasticity. According to cooling models, the increase in temperature is negligible between these two depths (we are below the lithosphere). Therefore, purely elastic velocities should increase with depth, when a uniform chemical composition is assumed.
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The strong T-dependence of anelasticity makes even more problematic to explain the high V S beneath ridges. The elastic velocities should be further reduced because of Q when temperatures are approaching the solidus. Interestingly, constraints on observed seismic attenuation (Romanowicz & Mitchell 2007) and T-dependence of anelasticity (both taken into account in our Q5 anelasticity model) are able to better reproduce seismic velocities below ∼70-80 km depth (Fig. 8) . A possibility is that the mechanism that is responsible for intrinsic attenuation below 70-80 km is not active at shallower depths. If we do not introduce any additional compositional complication, it is very difficult to imagine why this should happen. Surely, there should be another or other factors than temperature that prevails on the anelastic corrections. We may conclude, therefore, that, if this discrepancy is real, an additional compositional factor is required to reconcile cooling models with seismic observations.
The global seismic models here analysed do not yet provide conclusive evidence for such a discrepancy. Surface waves and longperiod waveforms used in global studies have a horizontal resolution on the order of hundreds of kilometres. In any case, this is clearly sufficient to capture the main long-wavelength features of thermal structure (Fig. S9, Supporting Information) . However, their vertical resolution, which is on the order of ∼50 km, might be inadequate. The starting model, crustal corrections and regularization schemes that enter into the solution of the linearized inverse problem are also an issue. For example, the variations of V S with depth depends 1) on the starting reference model and 2) on a subjective choice of damping, which can be depth-dependent and accounts, as much as possible, for the different resolution with depth of seismic data used. Tuning the damping factors at different depths based on physically expected V S and/or using starting models that have a physical meaning (Cammarano & Romanowicz 2007; Romanowicz 2009) should be able to improve the physical character of the seismic models. Alternatively, non-linear procedures can be used to measure the reliability of several given models (Tarantola 2006; Khan et al. 2011) .
In this study, we reverse the question, asking: to what extent does the seismic structure predicted by a cooling model deteriorates the fit of surface waves? For all seismic models considered here, we replace the oceanic lithosphere with that predicted by a half-space cooling model. We compute the variance reduction of Love and Rayleigh wave data (Visser et al. 2008) , assuming PREM anisotropy in all cases, and compare the values with those achieved by the original models. The variance reduction slightly decreases when forward seismic structure consistent with a thermal model is used, but the difference is not significant compared to the variance reduction associated with different seismic models.
More systematic tests and regional seismic studies are required to give a robust evidence of the variations of V S beneath young oceans. Nevertheless, all seismic studies to-date, including regional ones (e.g. Harmon et al. 2009 , for the East Pacific Rise), show the same trend. Very interestingly, the same group Yang et al. (2007) found also a considerably low attenuation, picking up around 40 km depth, beneath the East Pacific Rise.
If seismic observations are confirmed, an attractive hypothesis for reconciling them with cooling models is the one suggested by Karato (1986) and expanded in Karato (2008) . The idea consists of a feedback mechanism between partial melting, water content and their effects on physical properties. Partial melting occurring at a depth around 65 km beneath ridges would remove all water from mantle rocks. The presence of a small amount of partial melt will hardly have an effect on seismic velocities [it is estimated that is necessary to have a fraction higher than 1 per cent to produce significant effects on seismic velocities (Hammond & Humphreys 2000) ] and would tend, in any case, to reduce seismic velocities and viscosity. In its rheological model of oceanic lithosphere, Karato proposes that the top part of the mantle (above 65 km) is dry, and thus highly viscous and seismically fast. On the other hand, the presence of small amount of water below 65 km would soften the material significantly and reduce the seismic velocities, mostly because of water-enhanced anelasticity effects. In spite of the poor knowledge of the effects of water on seismic properties and anelasticity in general, we find that this hypothesis represents a likely explanation for the observed discrepancy. It is interesting to note, finally, that the Karato's hypothesis was first conceived as a rheological model (Karato 1986) .
Additionally, or alternatively, the origin of the decrease in velocity may be searched in non-monotonic compositional variations within the upper mantle, also these regulated by partial melting. An important role in determining the seismic velocities at (relatively) shallow depths may be played by the plagiocase-spinel transition, plagiocase being slow (V S 3.5 km s −1 at 50 km and 1200
• ) and spinel fast (V S 5.0 km s −1 at the same conditions). The transition occurs around 80 km for pyrolite, but it is pushed upward for very depleted composition (Borghini et al. 2010 ). An overall depleted, harzburgitic upper mantle (well below the lithosphere in proximity of mid-ocean ridges) can therefore get significantly higher velocities at ∼50 km depth (around 4-5 per cent for V S ) compared to normal mantle composition if spinel is stable over plagiocase. To explain the reduction of V S below this depth (in absence of a sensible T variation), plagiocase should be stable again, which implies having an undepleted composition. Owing to multiple episodes of melt depletion and secondary melt-impregnation, there is poor knowledge of the mineralogy of pristine mantle. Most lherzolite massifs, indeed, represent secondary (refertilized) rather than pristine mantle (e.g. Roux et al. 2007) . Note that harzburgite and pyrolite V S below the plagiocase-spinel transition (around 80 km for pyrolite) are very similar (harzburgite is faster by ∼0.3 per cent).
RESULTS: TESTING T −C M O D E L S W I T H G E O I D A N D T O P O G R A P H Y
All the results shown in this section are based on the viscosity profile V1 of Forte et al. (2010) and on free-slip boundary conditions. The overall good fit to geoid of the seismically inferred ρ models ( Figs  9 and 12) shows their mutual consistency. The fact that one of these models fits the geoid better than another, however, does not prove that it is a 'better' model. In principle, for each of the density structures used it would be possible to tune the viscosity profile to get the same misfit. In other words, due to the trade-off between viscosity and density, the best-fit models of geoid and topography should always be thought as density+viscosity models.
Effects of compositional structures
In Fig. 9 , we illustrate the relative effects of the compositional structures. For any observed field N O and computed fields N S , the cumulative variance reduction, given by
is computed by expanding N O and N S in spherical harmonics from the lowest degree ( = 2) to the same upper degree, (maximun is = 24), on a regular 2
• × 2 • grid. We also plot the variance reduction at each degree by directly comparing the spherical harmonics coefficients, that is,
where a m and b m are, respectively, the harmonic coefficients for cosine and sine terms at a given degree . A perfect fit gives a value Figure 9 . Cumulative variance reduction (left-hand) and for each (right-hand panels) for geoid (top) and topography (bottom panels) of 3-D density models obtained from the T interpretation of S362ANI for several compositional structures (see legend and text). All densities are obtained by using the reference mineral physics model (XSLB08+Q5). Viscosity profile is V1 ).
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Figure 10. Observed (top panels) and synthetic (bottom) geoid and topography for = 2-24 on a Mollweide equal area map projection. The observed non-hydrostatic geoid is obtained from the GGM02 gravitational potential field, and the topography model is ETOPO5. Synthetics refer to the 3-D density model inferred from the thermal interpretation of the S362ANI V S model using the mineral physics model XSLB08+Q5 (see text), and assuming pyrolite plus a petrological lithosphere (see text). Viscosity structure is given from the V1 profile from Forte et al. (2010) . The variance reduction computed for this case is given in Fig. 9 (see red circle at = 24).
of 1 in both cases. The observed non-hydrostatic geoid is obtained from the GGM02 model of the gravitational potential field (Tapley et al. 2005) after removing the hydrostatic oblateness due to the rotation of the Earth. Topography is ETOPO5 (from NOAA, National Geophysical Data Center). An example of the computed geoid and topography compared to the observations is shown in Fig. 10 . In general, the principal features of both geoid and topography are reproduced quite well. The cumulative χ of the geoid tends to become horizontal as grows (top-left panel, Fig. 9) , consistent with the concentration of a large part of the signal at long wavelength (low ). It is therefore particularly important to fit the lowest degrees, especially the degree 2 that has the maximum power content. This is also the case for topography, although the maximum power is observed at degree 3 and the spectral distribution is relatively more homogenous compared to the geoid.
All the synthetics of Fig. 9 are based on the same seismic structure (S362ANI) and on different C structure. The 3-D density structures, therefore, couple the purely C effects with the inferred (slightly different) temperatures. All the models are only different in the upper mantle (down to 660 km) and have the same crustal structure (CRUST2.0). Hence, the relative variations reflect the effects due to upper-mantle structure only. Modelling the 3-D compositional variations within the lithosphere improves the fit of both geoid and topography (Fig. 9, left-hand panels) . Interestingly, the pattern at each degree indicates that our petrological lithosphere deteriorates the fit when moving to shorter wavelengths (right-hand panels). Perhaps, this could be partially associated with our simplified compositional parametrization, but we note that this specific result is linked to the used viscosity structure and to the boundary conditions (free-slip) used. Our result shows the importance of considering the full effects on the geoid (i.e. also the lowest ). For instance, if we neglect the first 6 degrees of the geoid when studying the global effect of the petrological lithosphere, we would interpret the results in the completely wrong way. Note also that our result is consistent with the analytically computed geoid kernels for the specific viscosity profile used (assuming free-slip conditions). For example, the geoid kernel at = 2 has a positive opposite sign at upper-mantle depths, whereas the kernel at = 8 is negative.
To better understand the origin of the opposite effects of the petrological lithosphere at long and (relatively) short wavelengths, we map its effects on geoid and topography including or not the first three harmonic degrees (Fig. 11) . In the oceans, long-wavelength structure is dominant and therefore the improvement of the fit observed in Fig. 9 is mostly related to oceanic signature. Within continents, shorter wavelengths become dominant. Modelling the lowdensity cratonic roots pushes the geoid up by ∼10 m (Fig. 11) , indicating that the dynamical contribution exceeds the static one. And this results in worsening the geoid fitting.
Topography has an opposite effect compared to geoid between oceans and continents. The oceanic topography is still dominated by very long wavelengths and has a negative sign, that is, topography decreases where geoid becomes higher in the oceans (Fig. 11, top  panels) . On the other hand, continents become significantly higher when a petrological lithosphere is modelled and, at the same time, the geoid becomes higher too, as just discussed.
Rigid (non-deformable) continents should be more appropriate. However, even when we use typical T-dependent viscosity laws (see supporting material), continents are still too weak compared to what is required from gravity data. Variation in composition, such as dehydration of the deeper part of the continents, could contribute to increase their viscosity further. This hypothesis, indeed, has already been postulated to explain the long-term stability of continental roots (Karato 2010) . We increased the viscosity of Upper mantle temperature and composition continental lithospheric blocks up to three orders of magnitude, but effects on geoid and topography are still limited and do not eliminate the discrepancy (see supporting material).
The only other option to reconcile the continental signal with gravity data is to reduce their chemical buoyancy (i.e. increase their density at given P-T conditions). Therefore, our result indicates that the composition of the lithospheric mantle is less depleted, on average, of what here used. Our result is consistent with (Forte & Perry 2000) and shows the potential of gravity data for determining composition.
Using MM-C2 instead of pyrolite as an average composition of the upper mantle hardly affects the >10 structure (Fig. 9) . However, the overall effect (governed by the very long wavelengths) is only slightly smaller compared to that of the petrological lithosphere. The general spatial pattern, shown in Fig. S13 of Supporting Information, is only slightly modified. Note that, in this case, the density variations between the models are not only confined in the lithosphere.
In Fig. 9 , we also show that implementing a forward thermal structure of the oceanic lithosphere instead of the 'too smooth' seismically inferred thermal structure better satisfies the topography, while there is practically no effect on the global geoid.
Effects of differences in seismic models
We show in Fig. 12 how the differences between the seismic models affect geoid and topography. All the computed synthetics are based on 3-D density structure inferred by the thermal interpretation of the seismic models with the same compositional structure (in this case pyrolite plus a petrological lithosphere) and using the same mineral physics model (XSLB08+Q5). Except LRSP30, which is defined down to 600 km and smoothly merged to S362ANI below this depth, the other three seismic models are defined throughout the mantle. We dot not show results for SEMum, which is only defined in the top 400 km of the upper mantle. To isolate the effects due to uppermantle structure, we assume the same thermochemical structure for the lower mantle for the models shown in the mid-panels of Fig. 12 . Specifically, we use the T-ρ structure obtained by using S362ANI and pyrolite. Geoid and topography for full mantle models and for variations limited to the top 380 km are also shown (in left-hand and right-hand panels, respectively) to illustrate the effects with depth.
As expected, the geoid is not very sensitive to the top part of the mantle (top-right panel of Fig. 12 ). Variations between seismic models are very small, compared to the compositional effects (Fig. 9) . Surprisingly, however, the variations between the seismic structure in the transition zone have an effect that is comparable to that related to variations in whole mantle structure (compare mid and left-hand panels of Fig. 12 ), starting from degree 2. Topography, on the other hand, is more sensitive to the variations in the top of the mantle (note that we use always the same crustal structure). However, the variations in topography fit between different seismic models are not very large (Fig. 12) .
To highlight the spatial variations of geoid and topography between different models, we show the residual with respect to S362ANI, used as reference (Fig. 13) . The range of variations between the computed geoids amount to almost 50 per cent of the total observed variations, that is, the min-max geoid values (in contrast, variations due to petrological lithosphere amount to 15 per cent). In general, the variations between the models do not occur in the same places. Each model is, somehow, different from the others. It is remarkable, for example, that some anomalies are found only for one model and not imaged for others. This is the case, for example, with the geoid-low of LRSP30 (a positive sign in our residual geoids) in Siberia or the geoid-high in the East-Pacific off Variance reduction for geoid and topography of 3-D density models obtained from the thermal interpretation of different V S models for the same given C structure (pyrolite + petrological lithosphere) and using the same mineral physics model (XSLB08+Q5). Viscosity profile is V1 . All the models have the same crustal model (CRUST 2.0, Bassin et al. 2000) . Left-hand panels show the results for whole mantle models. In mid and right-hand panels, all the models have the same density structure (inferred from S362ANI) below 670 and 380 km, respectively. Correlation coefficients and variance reduction for each are given in supporting material (Fig. S11, Supporting Information) . Figure 13 . Effect of uncertain upper-mantle seismic structure on geoid (left-hand panels) and topography (right-hand panels). The residuals are due to the difference in density model between the thermal interpretation of S362ANI, used as a reference, and other models, assuming the same compositional structure (a petrological lithosphere + pyrolite below lithosphere). Viscosity is the profile V1. Colour scale is 50 per cent of the total spatial geoid and topography variations.
Central America predicted by SAW642ANB. Interestingly, the major differences occur in complex tectonic areas, such as near the subduction zones of Indonesia and Caribbean (e.g. LRSP30 predicts relative geoid-lows), or in Hawaii (LRSP30 has a low value that it is missing or perhaps displaced in other models). Differences in topography (right-hand panels of Fig. 13 ) are also fairly large and follow a simpler pattern. LRSP30 and SAW642ANB predict more elevated continental areas than S362ANI.
As we have seen that variation with depth between seismic models is highly variable (in Fig. 3 ) and that this translates into very different thermal and density profiles (Fig. 4) , we also tested what would be the indirect effect of considering the same reference thermochemical (and thus density) profile for all the seismically inferred models. Specifically, we use a reference thermal structure, that is, a 60-Myrold oceanic geotherm plus a 1300
• C adiabat below the lithosphere and pyrolite composition (MM-C2 has been tested as well). This way, we replace <ρ > (z) with the density profile obtained from a reference thermal structure and we slightly modify the density contrasts according to the new reference temperature. Somehow, we are testing now only the differences in lateral variations between seismic models. In general, the results do not change much (see Fig. S12 , Supporting Information). Both geoid and topography are slightly better satisfied. Only the fit of LRSP30 becomes slightly worse when its average is replaced with the reference one.
FUTURE DIRECTIONS
In spite of the recent advances in global seismology, fitting gravity data using density distributions derived from seismic models is extremely difficult. As we have shown, this does not depend only on our lack of knowledge of the Earth's viscosity structure, or on the uncertain relation between seismic velocities and density. The discrepancies between geoid and topography maps derived by available seismic models of the upper mantle, indeed, are more important, and significant even at the lowest harmonic degrees. Furthermore, seismic data have an intrinsic limited resolution that has an effect on the geodynamical constraints. If we relax the uncertainties in the elasticity and anelasticity of mantle rocks, (hence the relation between seismic velocities and density), and the large uncertainties in viscosity, including its lateral variations, the problem of determining the thermochemical structure of the upper mantle becomes extremely complicated.
Typical linearized inversions are, in our opinion, an inefficient way to improve our current knowledge for the upper mantle. Owing to the increasing computational power, fully non-linear approaches (e.g. Khan et al. 2011) are probably better suited. This way, it is possible to test a large family of thermochemical models, independently, against several types of seismic data, gravity data and other geophysical observables (e.g. electrical conductivity). A statistical analysis of the results may elucidate which features are better resolved and which are not. The results can help, simultaneously, to achieve a better understanding of the thermochemical structure of the mantle and point out possible problems with the physical properties modelled. In this sense, our method intends to use the Earth as a laboratory to test a physical hypothesis (here, as a physical hypothesis we mean a set of material properties modelled as a function of P − T and C).
This paper is our first study in this direction, providing a family of thermochemical models that can be used for further testing with other geophysical measurements.
In this paper, we deal uniquely with the isotropic part. Anisotropic effects, which are seismically important, may be modelled by mantle flow, in principle (Long & Becker 2010) . Specifically, if the crystals align in the direction of the flow, the resulting anisotropy (called, in this case, lattice-preferred orientation or LPO) can be quantified on the basis of measured mineral properties (Karato 2008) . Combined studies of mantle flow and seismic anisotropy already produced important insights, for example, on the mobility of crustal microplate related to mantle flow ).
In the future, it will be possible to extend our approach to obtain fully anisotropic models. In principle, the thermodynamically consistent model we use is already formulated to account for the full elastic tensor and the mantle flow can be already modelled accounting for rigid plates and weak plate boundaries by using our fluid-dynamics code. At the moment, uncertainties in the anisotropic response of minerals and rocks at mantle conditions are still large (e.g. Wenk & Houtte 2004; Karato et al. 2008) . In any case, our approach may be already extended to test available first-order LPO models of main upper-mantle minerals.
Another aspect of our procedure that can be improved regards the compositional parametrization. The aim of this paper is to produce first-order 3-D compositional models based on petrology and supported by geoid and topography observations at a global scale. For our purposes, we simplify the compositional structure of the lithospheric mantle as much as we can, and we assume no compositional variation below the lithosphere. In recent years, there has been a significant effort to gather and analyse xenolith samples worldwide (Griffin et al. 2009 ). The petrological information on the composition of the subcontinental lithosphere is much more detailed than what we assumed in our 'first-order' model. Its implementation will be particularly important when moving from global to regional and local scales. For example, we did not model any compositional variation with depth within the continental lithosphere, contrary to what observed in typical xenolith data. Indeed, metasomatism is able to refertilize the deeper part of Archaean provinces, leaving a pristine composition in the top part (Griffin et al. 2009 ). This process may help to reconcile the LAB thickness based on seismic reflectors (e.g. Rychert et al. 2005) with the deeper horizon, seismically imaged as an anisotropic boundary (and also corresponding to the so-called thermal LAB: as T approaches the melting temperature, the material may flow easily and produce seismic anisotropy). The presence of such a chemical boundary within the lithosphere and its complex morphology has been seismically imaged in the North American lithosphere by a high-resolution azimuthal anisotropic model (Yuan & Romanowicz 2010) . Several adjustments may be done in future to our compositional structures. In doing this, it will be essential to test their effects on (or invert them from) geodynamic and seismic observations. At this stage, however, it is sufficient for our scopes to model only the first-order C.
Finally, we point out the strong potential of our approach to jointly interpret different seismic data, such as P and S arrival times or SS precursors and long-period waveforms. In principle, our models predict the fine seismic structure of the mineralogical phase transitions and can be therefore used to compute high-frequency seismic phases that are particularly sensitive to mantle discontinuities (such as SS precursors) and compare them with observations. The interpretation of seismic structure corresponding to mineralogical phase transitions is particularly complex, however, and goes beyond our goals. Large V S are expected in specific depth ranges, particularly between 660 and 800 km, for a realistic thermal structure (Stixrude & Lithgow-Bertelloni 2007) . These variations are not imaged by global models, probably because of limited resolution of seismic data. Evidences of strong scattering in the transition zone, especially between 650 km and ∼800 km depth (Kaneshima & Helffrich 2009 ) could be indicative of the complexities due to phase transformations. More detailed studies are required to understand the effects of mineralogical phase transformations on seismic data. Note that variation in composition is also expected to play an important role, since phase equilibria are modified.
The role of secondary elements that are not included, such as chromium or hydrogen, can be important for modifying the phase equilibria at a given C (e.g. Klemme 2004; Ohtani & Sakai 2008) . The computed phase diagrams with simplified 5-or 6-oxide systems for the principal mantle compositions (i.e. pyrolite) agree well with those determined experimentally, but a precise determination of phase transitions as functions of P, T and C becomes particularly important where these transitions are sharp, for example, at the olivine-wadsleyite boundary (∼410 km). A variation in their modality, for instance, their width and Clapeyron slopes (i.e. dP/dT ), would affect the interpretation of specific seismic phases that are sensitive to sharp impedance (V S × ρ) jumps, such as SS or PP precursors (Deuss 2009 ). In addition, the role of secondary elements on phase equilibria could play an important role on petrological (dynamical) evolution (e.g. Bercovici & Karato 2003) and, consequently, have an indirect effect on seismic interpretation. Previous studies (Deuss 2009; Cammarano et al. 2009) showed that, on average, mantle seismic discontinuities are in good agreement with the mineralogical transitions predicted with pyrolite or a similar composition. We recognize, however, that, in the future, an accurate characterization of the phase transitions could shed light on lateral variations in chemical compositions, including water, of the transition zone.
CONCLUSIONS
Based on available knowledge of material properties from mineral physics, we interpret a family of recent seismic shear velocity models of the upper mantle for temperature, assuming various compositional structures. In particular, we test the effects of a petrological lithosphere. We found that:
(1) The differences between seismic models translate into quantitatively significant differences in temperature and density, for given composition. Thermal and density anomalies at a depth of 150 km may vary, respectively, by up to 400 K and 0.06 g cm −3 in some locations, which corresponds to ∼70 per cent and ∼80 per cent of the total spatial variations (i.e. min-max value of T and ρ at that depth). These variations considerably exceed those due to uncertainties in modelling the ∂V S /∂T of mantle rocks, that are mostly due to anelasticity. Based on extreme anelasticity models, we estimate a maximum variation between −150 and +75 K (less than 20 per cent of total spatial variations) at 150 km depth and below mid-ocean ridges, where the largest effects take place.
(2) Introducing lateral variations in composition does not affect the thermal interpretation much, but it modifies the density structure significantly. Modelling a petrological lithosphere gives cratonic temperatures at 150 km depth that are only 100 K hotter than those obtained assuming pyrolite, but density is ∼0.1 g cm −3 lower. Hence, the density contrasts at lithospheric depths are dominated by compositional variations.
(3) All seismic models show a decrease in velocity from 50 to 100 km below mid-ocean ridges that is in conflict with a simple thermal evolution of oceanic lithosphere. A possible change in the physical mechanism of anelasticity, with water-enhanced effects below a boundary located at ∼65 km depth (Karato 2008) , could explain the discrepancy. Further seismic evidence is needed to confirm the decrease with depth of seismic velocity. The thermochemical models were then analysed for studying relative effects on geoid and topography. We found that: (4) Structural variations of seismically inferred density models of the transition zone produce significant differences in fitting the geoid, including at degree 2. We tested density distributions based on different seismic models of the upper mantle, but with same composition, same mineral physics relation for converting V S into density, same viscosity structure and same boundary conditions. We found that the relative variance reduction between the models is comparable to the relative variance reduction between whole mantle models.
(5) The continental lithosphere is, on average, less depleted (less chemically buoyant) than what is inferred from petrological constraints. Modelling a petrological lithosphere helps to satisfy both geoid and topography better, but the fit deteriorates if we consider only harmonic degrees 6 for geoid and 12 for topography. Most of the contribution at the longest wavelengths, that helps to improve the fit, comes from the oceanic lithosphere. The signature of the continental lithosphere, instead, induces a worsening of the fit. Including large LVV is not able to eliminate this discrepancy. Therefore, we conclude that the continental lithosphere is, on average, less depleted than what we assume here. This is in agreement with previous findings (Forte & Perry 2000; Perry et al. 2003 ).
An interdisciplinary approach such as the one used here will be essential to produce, in future, better resolved thermochemical models. In general, all our findings indicate that a forward approach is more promising than typical linearized inversion to improve our knowledge of the thermochemical structure of the upper mantle.
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